Abstract. Cell cycle-related molecules play crucial roles in maintaining genomic stability, and can also serve as biomarkers of cell cycle phase distribution at the same time. In this study, we used multiparameter analysis of various biomarkers to investigate their utility for the evaluation of tumor proliferation activities and the prognosis of patients with small-size lung adenocarcinoma. We performed immunohistochemical analysis using five cell cycle-related biomarkers (MCM7, Ki-67, Geminin, Aurora A and H3S10ph) for 102 surgically resected small-size lung adenocarcinomas. We classified them into three phenotypes based on the dominant cell cycle phase distribution of the tumor cell population, and evaluated whether these phenotypes were associated with clinicopathological factors and survival. Phenotype I (MCM7-negative tumors; n=56) was correlated with high or moderate differentiation and reduced local invasiveness (pleural and lymphovascular invasion) compared with phenotype II (MCM7-, Ki-67-and Geminin-positive tumors; n=23) and phenotype III (MCM7-, Aurora A-and H3S10ph-positive tumors; n=17). Five-year survival rates of phenotypes I, II and III were 89.8, 55.4 and 38.6%, respectively, with a significant difference between them (P<0.01). Multivariate analysis revealed that phenotypes II and III were independent prognostic factors in the 79 patients with stage I lung adenocarcinoma. Multiparameter analysis using cell cycle biomarkers for small-size lung adenocarcinoma provided novel insights into the cell cycle phase distribution of dynamic tumor cell populations in vivo; it may be possible to evaluate tumor proliferation activities and patient prognosis more precisely if this analytical procedure is used.
Introduction
Lung cancer is currently the leading cause of cancer death in Japan and other industrialized countries (1) . Although surgery is the most effective and definitive therapeutic modality, especially for patients with early-stage non-small cell lung cancer (NSCLC), their postoperative survival rate remains poor. To improve the postoperative prognosis, definite predictive biomarkers should be used to detect the poor prognosis cohort and intensive postoperative therapy should then be performed on them.
Ki-67, which is known as a representative cell proliferative marker, has been used widely for various malignancies including lung cancer to evaluate the malignant potential or the proliferative activity of the tumor (2) (3) (4) (5) (6) . In addition, we have focused on the cell cycle-related proteins as tumor proliferative biomarkers and revealed that some of these proteins are useful for the prognostic prediction of patients with lung adenocarcinoma (7, 8) . There have also been various other studies on the prognostic markers of NSCLC. However, these have not actually contributed to improving the prognosis of patients with early-stage NSCLC. Although almost all of these previous studies described the prognostic significance of a single biomarker, recent investigations have suggested that prognostic prediction is more reliable when multiparameter analysis with several biomarkers is performed than with analysis with a single one (9) (10) (11) .
There are significant interactions between numerous molecules around the S phase as the DNA replication period and the M phase as the cell mitotic period. Among these molecules, the minichromosome maintenance families (MCM2-7) and Geminin play crucial roles in the DNA replication licensing pathway, which restricts the replication of the chromosome to only once per cell cycle (12) . Briefly, MCM proteins (MCM2-7) assemble on the origin of replication with other initiator proteins and facilitate DNA unwinding by acting as a DNA helicase. After DNA replication is initiated during the cell cycle, Geminin inhibits re-uploading of the MCM proteins onto chromatin, thus preventing DNA re-replication in the same cell cycle (13) . It has been confirmed that these proteins are useful biomakers that reflect the proliferative activity of the tumor cells and predict the survival of patients Multiparameter analysis using cell cycle biomarkers for small-size lung adenocarcinoma : Prognostic implications   TOMOHIRO HARUKI  1,2 , KOHEI SHOMORI  1 , TATSUSHI SHIOMI  1 ,   YUJI TANIGUCHI  2 , HIROSHIGE NAKAMURA  2 and HISAO ITO   1   1 with various types of cancer (5) (6) (7) (8) (9) (10) (11) (14) (15) (16) (17) (18) . Aurora A, known as a member of the serine/threonine kinase family, controls a subset of critical mitotic events including centrosome maturation and separation, as well as chromosome orientation and segregation (19) . In addition, histone H3 is as substrate for the Aurora kinases and is phosphorylated on serine 10 only in mitosis, producing a phosphohistone (H3S10ph) (20) . Gene amplification and protein overexpression of Aurora kinases may lead to centrosome function disorder, chromosomal instability, and carcinogenesis (21) . Moreover, there are some reports concerning significant correlations between Aurora A and the tumor malignant grade or the prognosis of patients with various types of cancer including NSCLC (9, 10, (22) (23) (24) (25) (26) (27) (28) . These cell cycle-related proteins (MCM7, Ki-67, Geminin, Aurora A and H3S10ph) can also serve as markers for the cell cycle phase distribution on immunohistochemistry, as shown in Fig. 1 . Therefore, immunohistochemical multiparameter analysis using these biomarkers allows a detailed evaluation of the kinetics of complex dynamic tumor cell populations (29) . In the present study, we classified small (3 cm or less in diameter) invasive lung adenocarcinomas [pure bronchioloalveolar carcinomas (BACs) were not included] into three phenotypes based on the dominant cell cycle phase of the tumor cell population. In addition, we evaluated whether these phenotypes were associated with clinicopathological factors and patient survival.
Materials and methods
Patients and surgical specimens. This study enrolled a total of 102 patients with lung adenocarcinoma who underwent curative resection at Tottori University Hospital between January 1997 and December 2006. All the 102 tumors were diagnosed as invasive lung adenocarcinoma (pure BACs were not included) with a maximum diameter of ≤3 cm (pT1). Routinely, neutral buffered formalin (pH 7.4)-fixed and paraffin-embedded tumor tissue samples were sectioned in 3 µm serial slices. The sections were stained using hematoxylin and eosin (HE) and Elastic van Gieson (EvG) stain.
The patients included 53 males and 49 females, with a mean age of 67.8±11.2 (SD) years (range, 26-85 years). Histological specimens were reviewed by the first author and qualified pathologists (K.S. and H.I.) and assessed for histological subtype and tumor grade according to the World Health Organization (WHO) criteria (1). These 102 tumors consisted of 7 acinar, 20 papillary, 11 solid with mucin and 64 adenocarcinoma with mixed subtypes. Well-, moderately, and poorly differentiated adenocarcinomas were present in 28, 59, and 15 cases, respectively. Tumor stage of the disease at pathological diagnosis was determined according to the UICC guidelines (6th edition) of the TNM classification of malignant tumor (30) . The pathological stage of lung cancer was I in 83 patients, II in 5 and III in 14. Pleural invasion was classified as pl0, pl1, pl2 and pl3; pl0 included tumor with no pleural involvement or reaching the visceral pleura but not extending beyond its elastic pleural layer; pl1 included tumor reaching visceral pleural elastic layer but not exposed on the pleural surface; pl2 included tumor exposed on the pleural surface; and pl3 included tumor invading parietal pleura or chest wall. We defined pl0 as pleural invasion-negative and pl1-3 as -positive. As for lymphatic and vascular invasion, we determined the status of invasion-positive or -negative on the basis of whether Figure 1 . Phase-specific distribution of cell cycle biomarkers. MCM7 is expressed throughout the cell cycle (G1-S-G2-M phases) but is tightly downregulated during G0 phase. Ki-67 is expressed during all phases of the cell cycle except for G0, and Geminin is expressed during S-G2-M phases but not in G0 and G1 phases. Aurora A is expressed during S-G2-M phases, and phosphohistone (H3S10ph) is expressed only in M phase.
or not tumor cells were identifiable in the lymphatic lumen or blood vessel lumen, respectively (31) . The slides of EvG stain were used supplementarily for evaluation of lymphatic and vascular invasion. Among all the 102 subjects, pleural invasion was negative in 70 patients and positive in 32, lymphatic invasion was negative in 37 and positive in 65, and vascular invasion was negative in 62 and positive in 40. The median follow-up period was 56.4 months (range, 2-146 months). The study protocol was approved by the institutional review board, and informed consent was obtained from all patients for tumor sample collection.
Immunohistochemistry. Tissue sections were de-waxed in xylene, rehydrated through a graded series of ethanol solution, rinsed in distilled water for 5 min, and then immersed in 0.3% hydrogen peroxide (H 2 O 2 ) in methanol for 30 min to block endogenous peroxidase. For antigen retrieval, sections were microwaved in 0.01 mol/l sodium citrate-buffered saline (pH 6.0) for 20 min at 95˚C using a microwave processor model MI-77 (Azumaya, Tokyo, Japan). After being rinsed in PBS for 5 min, the slides were pre-blocked with a solution of 2% FBS at room temperature for 20 min and incubated at 4˚C overnight with the antibodies. A subsequent reaction was initiated by the streptavidin-biotin-peroxidase complex technique (SAB method) using a Histofine SAB-PO (M) immunohistochemical staining kit (Nichirei, Tokyo, Japan). The immunoreactions were visualized with 0.2 mg/ml 3,3'-diaminobenzidine and 20 µl/dl hydrogen peroxide in 0.05 M Tris-HCl buffer (pH 7.6). Finally, the slides were counterstained with 0.1% hematoxylin and then dehydrated and mounted.
Antibodies. We used the following primary antibodies for immunohistochemistry: mouse anti-MCM7 antibody (1:100 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-Ki-67 antibody (1:50 dilution; Dako, Glostrup, Denmark), rabbit anti-Geminin antibody (1:100 dilution; Santa Cruz Biotechnology), mouse anti-Aurora A antibody (1:100 dilution; Novocastra, Newcastle, UK), and rabbit polyclonal antibody to Histone H3 (phospho S10) (1:100 dilution; Abcam, Cambridge, UK).
Evaluation of immunohistochemical findings.
To evaluate MCM7, Ki-67, Geminin, and H3S10ph expression, positively stained tumor cell nuclei were counted. Counts were performed in high-magnification fields using the FLOVEL Image Filling System FlvFs (FLOVEL Inc., Tachikawa, Japan). Both positive and negative cells within the fields were counted and any stromal or inflammatory cells were excluded. For MCM7, Ki-67, Geminin, and H3S10ph, at least 500 tumor cells were counted in areas showing a high frequency of cells with nuclei positive for such expression, and these labeling indices (LIs) were calculated using the following formula: LI = number of positive cells/total number of cells x 100. On the other hand, the immunohistochemical staining of Aurora A was scored into the following four grades on the basis of the expression levels in the tumor cell cytoplasm: 3+ (strongly positive), 2+ (intermediately positive), 1+ (weakly positive), and 0 (negative). The pathological evaluation was performed by three authors (T.H., K.S. and H.I.) independently. In reference to the average value of each LI, we decided that the cut-off values of MCM7, Ki-67, Geminin, and H3S10ph were 15, 10, 5, and 3%, respectively. As for Aurora A, tumors with scores of 2+ and 3+ were considered to be positive. We chose and determined these cut-off values and scores through trial and error. To confirm the specificity of the immunostaining results, sections immunoreacted without the primary antibodies were used as negative controls.
Statistical analysis. Data were analyzed using StatView version 5.0 (SAS Inc., Cary, NC, USA). Kruskal-Wallis test and χ 2 test were used in evaluation of the relationship between cell-cycle phenotypes and clinicopathological parameters. The survival rates were estimated with the Kaplan-Meier method and statistical analyses were carried out using the log-rank test. A P-value <0.05 was considered to be significant in statistical analyses. Univariate and multivariate Cox regression analyses were used to evaluate the contribution of various factors to the overall survival of all patients.
Results
Expression of cell cycle biomarkers in lung adenocarcinoma. Fig. 2 shows representative cases of immunohistochemical staining positive for MCM7, Ki-67, Geminin, Aurora A, and H3S10ph (Fig. 2) . Immunoreactivity of MCM7, Ki-67, Geminin and H3S10ph was mainly observed in the nuclei of tumor cells, whereas that of Aurora A was noted in the cytoplasm of tumor cells.
Cell cycle phase algorithm in lung adenocarcinoma. The cell cycle biomarker proteins, MCM7, Ki-67, Geminin, Aurora A, and H3S10ph, provide information on their specific cell cycle phase distribution: MCM7 protein is expressed throughout the cell cycle (G1-S-G2-M phases) but is tightly downregulated during exit into the out-of-cycle quiescent phase (G0 phase), corresponding to a differentiated or senescent state (11) . Ki-67 is expressed during all phases of the cell cycle except for G0, while Geminin is expressed during the S-G2-M phases but not in G0 and G1 phases (17) . Aurora A accumulates during S phase and reaches a peak in G2-M phase, followed by rapid degradation at the end of mitosis, and phosphohistone (H3S10ph) represents a biomarker of the only M-phase transition (10) (Fig. 1) .
In this study, we defined the cell cycle phase algorithm with cell cycle biomarkers for lung adenocarcinomas by reference to the above cell cycle distribution (Fig. 3) . On the basis of this algorithm, we classified the subjects (102 tumors) into the following phenotypes: i) phenotype I (n=56), MCM7-negative (out-of-cycle) tumors; ii) phenotype II (n=23), MCM7-, Ki67-, and Geminin-positive (S-G2 phase dominant) tumors; iii) phenotype III (n=17), MCM7-, Aurora A-, and H3S10ph-positive (G2-M phase dominant) tumors; iv) unclassified (n=6), MCM-positive, but Ki-67-, Geminin-, Aurora A-, and H3S10ph-negative tumors. Relationship between cell cycle phenotypes and clinicopathological parameters. We evaluated the correlations between some clinicopathological parameters and the above phenotypes. The phenotypes were significantly correlated with histological grade (P<0.01), tumor size (P=0.01), lymph node metastasis (P<0.01), and pathological stage (P<0.01), but not with age (P=0.19), gender (P=0.42), and pleural invasion (P=0.08) ( Table I) .
Analysis of prognostic significance. Next, the cumulative overall survivals of those with the three phenotypes were analyzed using the Kaplan-Meier method and log-rank test. For all patients, the 5-year survival rates of those with phenotypes I, II, and III tumors were 89.8, 55.4, and 38.6%, respectively, with a statistically significant difference (P<0.01; log-rank test) (Fig. 4A) . Of patients in stage I, the 5-year survival rates were 91.3, 61.4 and 48.0%, respectively, with a significant difference between them (P<0.01; log-rank test) (Fig. 4B) (Table II) .
Discussion
In this study, we have demonstrated that phenotype classification by immmunohistochemical multiparameter analysis using cell cycle-related biomarkers is a useful procedure to predict the degree of tumor malignant behavior and the prognosis of patients with small-size lung adenocarcinoma. Our data suggest that there was a highly significant association between the phenotypes and histological grade, tumor local invasiveness including lymphatic and vascular invasion, and lymph node metastasis. Phenotype I, which consists of MCM7-negative tumors, was frequently noted in the well-or moderately-differentiated tumors and less frequently in the locally invasive tumors compared with phenotypes II and III. MCM7, one of the replication licensing factors, is expressed throughout all cell cycle phases (G1-S-G2-M), but is downregulated during exit into out-of-cycle states (29, 32) . The repression of licensing contributes to replication arrest and loss of proliferative capacity, as cells exit the mitotic cycle into the out-of-cycle state. This allows a functional distinction between the proliferative state and the non-proliferative out-of-cycle state (33) . Recent investigations suggest that the detection of MCM proteins is a powerful tool for assessing the proliferative potential of the cell. These unique biomarkers can clearly distinguish between active cycling cells and those in the out-of-cycle state in malignant disorders (29, 34, 35) . It is thought that phenotype I tumors may consist of a tumor cell population that is almost out of cycle, which might provide the lower tumor invasiveness and the good histological differentiation. From the perspective of cell cycle kinetics, we suggest that MCM7 is the most useful biomarker to distinguish the cell-cycle phenotypes firstly by means of immunohistochemical analysis.
Both phenotype II and III tumors might be characterized as having higher proliferative activity defined as MCM7, Ki-67, and Geminin positivity (S-G2 phase dominant phenotype) and MCM7, Aurora A and H3S10ph positivity (G2-M phase dominant phenotype), respectively. These phenotypes were relatively well associated with the histologically poor degree of tumor differentiation and tumor local invasiveness. Geminin, which is also one of the DNA replication licensing factors, is expressed during the S, G2, and M phases but not in G0 and G1 phases, and is degraded at M phase without playing a specific role in cell division control (36) . It has been suggested that Geminin might provide useful information about tumor proliferation activities that is equal or superior to that of MCM proteins or Ki-67. Moreover, there have been many studies demonstrating that immunohistochemical analysis with the combination of MCM proteins, Ki-67, and Geminin may be useful for predicting tumor proliferating activities or patient prognosis in various malignancies (5, 11, 14, 15, 17, 37) . These findings are consistent with the present study, in which tumors that are positive for all of MCM7, Ki-67, and Geminin possess high proliferation potential, resulting in a high ratio of poorly differentiated and locally invasive tumors in phenotype II. Aurora A, a family member of Aurora kinases, regulated G2-M transition by phosphorylation of histone H3, a key molecule in the conversion of the relaxed interphase chromatin to mitotic condensed chromosomes (20, 38) . In the cell cycle, Aurora A is expressed during S-G2-M phases and its level is reduced rapidly after mitosis. It has been suggested that this mitotic kinase is associated with the development of malignant tumors and malignant alteration, and there have been some studies that showed a significantly positive correlation between Aurora A overexpression and aggressive tumor behavior, such as poor differentiation and nodal metastasis (39, 40) . The present study was supportive of the biological mechanism by which Aurora A dysregulation at an early point during tumorigenesis might contribute to genetic instability, resulting in aggressive and local invasiveness in phenotype III tumors (9) .
For survival analysis, the 5-year overall survival rates significantly differed among the phenotypes: the prognoses of the patients with phenotypes II and III were more unfavorable than those with phenotype I. Furthermore, multivariate analysis revealed that phenotypes II and III were independent prognostic factors in the 79 patients with stage I lung adenocarcinoma. Considering these results, it appears that this multiparameter analysis using cell cycle biomarkers provides more reliable and definite information about the prognostic implication of small-size lung adenocarcinoma when compared with the prognostic analysis with a single biomarker.
Cell cycle profiling by multiparameter analysis may have more useful features for determining cancer therapeutic significance. Loddo and colleagues (10) suggested that the cell cycle profiling of tumors has potential as a predictor of treatment response to cell cycle phase-specific chemotherapeutic agents, including small molecule inhibitors targeting the cell cycle machinery. For example, tegafur/ uracil (UFT) and taxanes are representative and commonly used anticancer drugs, especially in Japan, among various chemotherapeutic agents for NSCLC. The therapeutic target of UFT is thymidylate synthase (TS), especially in tumor cells in S phase, and its mechanism of action is ribonucleotide depletion, which leads to the arrest of tumor cells at the G1-S phase of the cell cycle. On the other hand, the target of taxanes is tubulin of tumor cells, especially those in M phase, and their antitumor effects result mainly from interference with the normal function of microtubules and the blockage of cell cycle progression in later G2-M phases via prevention of mitotic spindle formation (41) . Other almost chemotherapeutic agents also have their specific acting phase in the cell cycle. These agents might work more effectively for tumor cells in a stage of cell cycle phase distribution where the target molecules exist. It might be possible to select these chemotherapeutic agents more effectively by multiparameter analysis to demonstrate the predominant cell cycle phase distribution of tumor cells.
